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j FOREWORD

ThiB report was prepared by Ford Instrument Company, Long Island City 1,

New York, in accordance with Air Force Contract AF 33(616)-8463, under Task No.

520104 of Project No. 5201, entitled No-Gimbal Feasibility Flight Test.

The flight test program described herein represents the third and concluding

phase of an overall program whose objectives were the feasibility study, development,

fabrication, and flight testing of a breadboard model of a Pure Integral No-Gimbal

System using strap-down Inertial components. Phase 1, the feasibility study, Contract

AF 33(616)-5858, was concerned with the theoretical determination of feasibility and

the optimization of the No-Gimbal System design parameters. This study was completed

in May 1959. The conclusions and recommendations of the study program wer.e reported

in a Summary Engineering Report submitted to WADO in June 1959. The major conclusion

of the study was that the strap-down or no-gimbal concept for inertial navigation was

theoretically feasible, and that it was possible to design a system of this type with

accuracies comparable to those of gimballed pure integral inertial systerhs with state-of-

the-art sensors. As a result of this work, Ford Instrument Company was awarded

Contract AF 33(616)-6734 to design and fabricate a breadboard model of te system."-

This effort was completed in September 1961, and is deacribed in Technical Do(.. nentary

Report ASD TR 61-484.
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Immediately upon conclusion of the fabrication effort, work began on the flight

West evaluation. This work was conciuded in August 1962, The work was administered

under the direction of the Navigation and Guidance Laboratory. Mr. A. R. Turley was

project engineer for the Laboratory.

The following members of Ford Instrument Company' r engineering staff assisted

1n the preparation of this report, and their contributions are gratefully acknowledged:

Department Head: J. Levine

Project Supervisor: A. Bessen

Principle Engineers: J. Barbieri

G. Gucker

A. Maher

A. Wermaind

Assistant Design
Engineer: J. Mendelson

This report concludes the work of Contract AF 33(616)-8463.
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ABSTRACT

This Technical Documentary Report describes the flight test evaluation of tde

Pure Integral No-Gimbal System under Air Force Contract 33 (616)-8463. The program

successfully demonstrated the feasibility of a strap-down inertial navigation system and

verified the predicted performance of the breadboard model of the system.

The report describes the results of eight flight and two ground tests during which

approximately 40 hours ot system oper•iton, including 20 hours in the air and 20 hours on the

ground, were accumulated. A complete description of tie flight test and data processing

Sprocedure is presented herein as well as a description of special equipment designed for

the evaluation program. A brief summary of system operation is also included. Finally,

recommendations for follow-up programs, which would investigate improvements irn,

i and certain applications for a No-Gimbal System, are presented.

PUBLICATION REVIEW

Publication of this technical docu; entary report does riot constitute

Air Fcrce approval of the report's findings or conclusions. It is published

i only for the exchmnge and stimulation of ideas.
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1. INTRODUCTION

f Contract AF 33(616)-8463 provided for the evaluation of a breadboard model

of the Pure Integral No-Gimbxal System by means of flight testing. The objectives of the

program were to demonstrate the feasibilit' of an inertial navigation system using strap-

down sensors and to determine the performance of tie system under operational conditions.

Both objectives w.ere to be accomplished by comparing the accuracy of the system as

determined by flight testing with that predicted by analysis during the feasibility study,

Contract AF 33(616)-5858.

The procedure utilized during the performance of flight tests consisted of

flying the inertial sensor package and the altimeter, and recording the outpui.s of these

sensors on magnetic tape. Periodic photographs of the ground were taken during flight

to provide position fixes with which to compare the corresponding system determined

values. Subsequent to each flight, the recorded data was processed on a ground-based

general-purpose computer programmed to perform the required no-gimbal computation.

• The solutions to these computations were periodic indications of vehicle 1,,la'AatitLLude and

1longitude during each flight. Comparison of the computed position coordinates with the

photographically determined position references provided the data necessary for establishing

system accuracy.

Fligh- tests were.. performed at the Sperry Flight Research Facility at

MacArthur Field, Long Island, New York, in a Sperry Rand DC-3 aircraft. Processing

of the recorded flight data was accomplished at the ASD Computer Facility in Dayton, Ohio.

Subsequent to each flight, the magnetic tape containing the flight data was transported from

New York to Dayton via commercial airliner. After processing, the results af each flight

Manuscript released by the author (August 1962) for

publication as an ASD Technical Documentary Report.

' I I II I I I I I I I1
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were transmitted back to the Ford Instrument Company plant in New York where the

results were analyzed. Flight tests were performed only after the data

of die preceding flight were reduced. If the results were unsatisfactory, the cause was

determined and corrected before another flight test was attempted.

Approximately 40 hours of test data were accumulated during Coe f0g•. t

test phase of the program. This time consisted of 20 hours of actual flight time and 13

hours of ground time prior to and after each flight. In addition to the flight tests, two

ground tests having a total duration of 7 hours were performed. The flights were flown

In various directions and at various altitudes in the New York, New Jersey, iennsylvania,

and New England area. A program of exaggerated maneuvers was carried out during one

of the flights. Although the periormance of the flight test program was in general agree-

ment with original plans, a number of equipment difficulties was encountered during the

program. These difficulties are discussed later in this report. However, in all cases,

"the difficulties were the result of equipment failure, and did not affect the planned progxam

or the final conclusions.

Details of the flight test results as well as a detailed description of the

system and of the flight test equipment and procedures appear in subsequent sections of

this report.

2
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Hi. FLIGHTTE lST RESULTS

A. Summary of Test Program

This section describes in detail the results of the flight test program

and presents accuracy data for each of the successful flights. A summary of the test

program is shown in the chart of Figure 1. This chart indicates the duration of each

flight or ground test as well as indicating significant events, e.g., takeoff, landing,

etc., during each test. As 8hown in the chart, eight flights were flown. (This does

not isclude one equipment shakedown flight made prior to the main series.) The flight

tests were generally of 4 hours duration and included north-south and east-west flights

as well as flights at other than cardinal headings. The flights were made at various

altitudes up to 10, 000 feet and at air speeds of approximately 130 mph.

Before each flight, the sensor package was aligned in a local level,

north-south orientation to provide knowledge of initial conditions for the attitude compu-

tation. Prior to the conclusion of a number of fli-hts (those markd.. ,i wI a circle), 'he

sensor package was physically realigned to its initial orientation to permit a check of

the accuracy of the attitude computation (the final values of the direction cosines defining

sensor package attitude should agree with the initial values when due allowance is made

for earth. rotation dur-ig the test pezjod). During flight No. 8, a program of maneuvers

was executed to determine the ability vf the system to operate in the presence of high

rotational rates. Rotational rates of up to 7 degrees per second were registered during

this period. (The breadboard system is designed to operate at rotational rates of up to

1 radian per second, which might consist of rotational vibration in addition to gross

vehicle motion.)

I I I I I I I I I I I I I I I I I I
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FIGURE 1. SUMMARY OF FLIGHT TEST PROGRAM.
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! I i~~~~n addition to- the flight" testtogrud-~

. The first was a static test during which the sensor package was maintained stationary

I so that the only inputs sensed were the rotational rate due to earth' s motion and the

i apparent acceleration due to gravity. This test was performed to determine a "standard"

that might enable the separation of any unique effects caused by vehicle motion from

errors in a stationary system.

The second ground test was a dynamic test during which rotational

rates greater than those experienced in the aircraft and approaching the design limits

of the sensor package were applied. This was performed as a further test of the

system with high input rates.

Equipment failures are indicated in the chart of Figure 1 at the time

of their occurrence by the delta symbol. A description of each malfunction is given

In Table 1. In addition to the equipment malfunctions encountered during flight tests,

a number of problems arose during the debugging and preflight test periods. These

I difficulties were primarily with the operation of the tape recorder and the compressor

I of the accelerometer air supply. Because of the latter difficulty and in order not toJ delay the program, two flights were made with bottled nitrogen gas substituted for the

regenerative air supply. However, the inertial sensor package operated reliably through-

I out the entire program, despite the many hours logged on the seasors during the present

program and the previous fabrication contract. Significantly, the ratio of successfulf flight and ground data time to total time was about 60 percent, a ratio that is believed

to be rather high for an evaluation progi am of this type.

5
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Table 1. Equipment Malfunctions during Flight Tests

Flight Test No. Equipment Malfunction

1 Partial erasui e of recorded data on one accelerom -

eter channel during rewinding of tape caused by

faulty write amplifier in tape recorder.

3 Loss of synchronism in transferring recorded data

into computer caused by large variation in spacing

of timing marks. Resulted from excessive tape

recorder flutter or speed variation.

4 Loss of information on one gyro recording channel

caused by faulty connector pin on synchronizer and

parity generator unit.

5 Loss of recorded information caused by an inter-

mittent write permit signal on tape recorder.

6 and 8 Apparent intermittent connection in wiring

between sensor package and the synchronizer and

parity generator.

6
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Besides equipment problems, delays were encountered due to aircraft

s :rvice fol a two-week period for relicensing tests, and when these tests revealed

that an engine had to be replaced requiring another two-week delay). Problems were

also encountered during the debugging of the system comprising the magnetic tape

reader, buffer unit, and computer, largely because this process utilized a special

input channel of the convertcr, which was installed esptcially for this program and

which was being used for the first time with the computer. The complex scheduling

problem, which involved reserving time on the aircraft and on the computer and

arranging for transmission of data to and from the computer facility before the next

flight could be flown, also resulted in some delays. Because both the aircraft and

the computer had to be scheduled at least one week in advance, any delay in the flight

or in processing or analyzing data was compounded by requiring the alteration of

other planned schedules. Fortunately, weather was not a serious factor; only once

did bad weather cause cancellation of a scheduled flight.

B. Test Results

The flight test results are summarized in Table 2. This table lists

east-west, north-south, and radial errors and error rates for each test during which

a significant amount of test time was lokizd. The errors listed are those at the end

of each test period. The root mean square values of the error rates are also listed.

The root mean squai e error rate for all successful flights was 4. 3

miles per hour. This figure is significantly better than the predicted accuracy of 10

miles per hour. l'he predicted figure is based upon the fact that the most significant

error is that due to gyro drift, all other system errors beitg small in comparison, and

7
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Table 2. Summary of System Performance

East-West North-South Radial

Flight Ground
Tert Test Time Error Error Rate Error Error Rate Error Error Rate
No. No. (hrs) (miles) (mph) (Miles) (mph) (miles) (mph)

1 1.8 1.5 0.8 4.4 2.4 4.6 2.6

2 4.6 9.6 2.1 4.8 1.0 10.8 2.3

6 1.7 6.4 3.8 8.0 4.7 10.3 6.0

7 4.4 4.5 1.0 28.0 6.4 28.5 6.5

8 3.6 13.8 3.9 6.5 1.8 15.4 4.3

1 3.5 1.9 0.5 7.0 2.0 7.2 2.1

2 3.6 8.5 2.4 8.0 2.2 11.6 3.2

RMS Error Rate (mph) 2.3 3.4 4.2

upon a predicted drift rate of 0. 1 degree per hour (assumed constant in the analysis).

Further experience with the gyros indicated that, with the drift compensation technique

that was being applied, drift rates of the order of one-half this value were attained.

"Still, the experimental error compares very favorably with the predicted value and

confirms the theoretical analysis of system performance.

No precise correlation between total system error and the error

introduced by a specific cause can be made. However, it is possible to examine

the accu~acy with which the attitude of the sensoi package was determined, thereby

obtaining some idea of the performance of that portion of the system.

8
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4

This inlormation is available for the four tests in which no equipment
pr

• malfunctions occurred and in which the sensor package was realigned prior to concluding

] the run. When the amount of earth' s rotation during the test is co,.ipensated for, the

ate
direction cosines at the conclusion of the test should agree exactly with the corrm.spond-

ing initial values. Discrepancies would be due to gyro drift and any errors in the attitude

* computation. The results of these tests are indicated in Figure 2, which lists the error,

. converted to minutes of arc, in each of the nine direction cosines at the end of the test

period. The maximum error in any cosine was in the order of 15 minutes for a 4-1/2

hour period. This corresponds to an error rate of approximately 0.05 degree per hour.

I Since this compares with the expected gyro drift rate, it may be concluded that gyro
4
1 drift is the most significant source of error in the determination of attitude, and that

I computational errors are small in comparison. Furthermore, since the above error

J rate in attitude could alone account for the observed position errors, it may also be

concluded that any errors introduced by the remainder of the system are negligible.

j The results of each of the successful tests are presented in the curves

I of Figure- 3 to 9. In each of the figures, east-west and north-south as well as radial

errors are plotted as a function of time. The system accuracy illustrated by thisI
data is, as previously indicated, well within the specified performance criteria.

i Another indication of system performance is the degree of orthonormality

maintained by the direction cosine matrix relating coordinates in the body axis frame

with those in the inertial reference frame. Any matrix (B) of direction cosines relating

one orthogonal Cartesian coordinate frame to another must be orthonormal, i.e., the

product of B with its transpose must yield a unit matrix. In a no-gimbal computation,

it is possible for the direction cosine matrix to deviate from orthonormality after a

I9
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large number of adjustments have been made on the matrix during the updating process.

"This is a result of truncation and roundoff error in this computation. During the study

phase of this project, it was found that the second order algorithm for updating the B

matrix reduced truncation error to a negligible level and that a 36-bit register was

sufficiently long to obviate the possibility of excessive roundoff error. Consequently

the deviation from orthonormality of the computed B matrix should be small. To sub-

stantiate this conclusion, the product of the B matrix and its transpose was periodically

computed and examined during processing of the flight test data. The maximum

deviation of any element of the product matrix from the corresponding element of the

unit matrix at the end of flight was never greater than 3.7 x 10" This deviation is

extremely small and indicates that the effect of truncation and roundoff errors on the

orthonormality of the matrix was negligibie.

In conclusion, the amount of test data accumulated during the program,

and the highly satisfactory performan, a indicated thereby, serve to verify predictions

of system performance and to demonstrate the feasibility of the no-gimbal concept.

18
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I1. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

Flight tests of the no-gimbal sensor package and subsequent processing

of the data have provided conclusive evidence that a strap-down inertial system is feasiblh

for vehicle navigation.

The performance specification for the breadboard model of the No-Gimbal
y

System called for accuracies comparable to those of a conventional gimballed, pure integral

inertial system when using comparable sensor components. This level of performance was

achieved. All system errors could be accounted for by the gyro drift rates, which were

measured prior to each flight and which would be expected in a platform configuration.

There was no degradation of performance due to either the high angular rate and vibration

environment Imposed upon the sensors In a body-mounted system or to the errors Involved

In the high-speed Incremental attitude computation peculiar to the strap-down system.

Since, in most of the tests, the system error encountered was less than that attributable to

expected gyro drift, It Is entirely possible that the vibration to which the gyros were subjected

and the continued change In orientation of the gyros due to vehicle motion may have affected

the gyro drift in a beneficial manner. Several schemes that attempt to distribute errors

due to gyro drift In a more random manner by purposeful controlled rotation of the gyro case

have been suggested in recent literature. Since each gyro in a strap-down system naturally

partakes of vehicle rotational motion, any advantages occurring from such motion would be

obtained with no Increased system complexity.

The major ad antages that strap-down inertial systems promise to offer are

indicated below.

1. Small size and weight: fully utilizes advances in digital computer art.

19
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2. Versatile sensor configuration: readily custom-fitted to application, not

restricted to spherical shape.

3. AU-attitude operation: inherently free from gimbal-lock.

4. Rapid aligiament: permits rapid leveling and aligning to match a reference

Inertial system (slewing Is performed in the computer and no physical motion is required).

5. Compatible with supplementary system: Ideal for use with body-mounted

supplementary sensors such as doppler radar, celestial tracker, or odometer.

6. Exotic sensor utilization: computer compatible with contemplated exotic

gyro output formats.

7. Mass production simpllifcatLm: sensor package and computer Ideal for

"unitized" assembly.

8. Ease of maintanence: replacement of aný component greatly simplified.

9. Freedom from obsolescence: advanced components readily "phased in."

Now that the feasibility of strap-down inertial navigation systems has been

established, it Is recommended that programs be Inunediately undertaken in several areas

in order to derive maximum benefit from the inherent advantages of strap-down systems.

.. Recommendations-for System Application

It Is recommended that several study and design efforts be undertaken at

this time. Two such efforts that would Investigate certain specific applications of the strap-

down concept are described below.

Operational aircraft navigation systems, presently in use, rarely rely upon

pure Inertial determination of position. Rather, these systems Incorporate additional

sensing equipment to bound the error caused by inertial sensor inaccu'-acll.a. It is common

to etploy additional Information in the form of position fixes from celestial or maap mnaching
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de uviceu, or in the form of velocity information from a doppier radar, lo inicrease tne

accuracy of the positlca computation. In each of these cases, the specific configuration

that would provide the optimum marriage betwcen the strap-down inertial sensor package

and the auxiliary sensor equipment remains to bc established.

It is recommended that a study be undertaken to determine the optinmum

configuration in each case, thereby facilitating the eventual inclusion of a strap-down

i sensor package In an operational aircraft navigation system.

Another widespread use of inertial systems is in the guidance of ballistic

! missiles, Since there is a wide variety of guidance and control techniques in use today,I
4 and since the adaptation of the strap-down concept to each system requires a determination

I ol the optimum computation scheme, it is recommended that a study be conducted to estab-I

"lish the optimum computation scheme in each case. This will facilitate the introduction

of the strap-down concept to ballistic missile guidance. Ford Instrument Company has

. performed several in-house investigations on the application of the strap-down concept to

i an IRBM using correlated velocity guidance tec hniques. The results of these investigationsI
• indicate that a strap-down inertial guidance system for a ballistic missile is feasible within

• the present inertial sensor and digital computer state-of-the-art, The purpose of a design

j study would be twofold: (1) to investigate areas not covered in sufficient detail in the

• Company-sponsored activity; and (2) to use the results of these efforts to determine the

Spreliminary design and predicted performance of an optimum strap-down inertial guidance

2

I
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system for a mobile launched ballistic missile. The advantages of using an optimum strap-

down Inertial guidance system in conjunction with an algebraic-integration solution* for a

mobile launched ballistic missile would be significant.

C. Recommendations for System Improvement

The combination of a body-mounted inertial sensor package with an attitude

and coordinate conversion computer produces outputs of incremental velocity changes

(including apparent velocity changes due to the gravitational field) relative to an inertial

frame. Since this is Identical with the output received from three integrating accelerometers

mounted on a platform that is maintained stable in inertial space, the two systems may be

considered equivalent. Consequently, any function that may be performed by such a stable

platform, whether it be aircraft navigation, land navigation, ship or submarine navigation,

missile guidance, or space probe navigation, may also be performed by a strapdowi. system.

Strap-down inertial systems are then functionally competitive with stable platform inertial

systems. However, it is necessary to establish the physical characteristics of a com-

petitive strap-down system: i.- to deterrnte the size and weight that can2 be achieved

with an operational strap-down inertial system. This topic is treated in the following

paragraphs.

*Algebraic -integration solution refers zo a unique navigation system that optimumly combines

inertial information with triat from an independent velocity measuring subsystem. The

Algebraic-Integration System was developed by Ford Instrument Company for the Air Force

under Contract AF 33(616)-5858. WADD-TR-60-923 completely describes the system.
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Sensor Package. The body-riounted inertial sensor unit developed under

Contract AF 33(616)-6734 and flight tested under this contract is a breadboard model. In

constructing this model, size and weight considerations were subordinated to ease of

fabrication and accessibility. Large size and weight penalties were incurred by the use

of the large G2K2 gyros supplied as GFE for use in the rate integral gyros.

However, if a prototype inertial sensor package were to be constructed

with sensors presently under development by Ford Instrument Company, the size of the

package could be drastically reduced. It is estimated that this package would weigh

approximately 20 pounds and occupy 325 cubic inches. It would be possible with a sensor

package of this size to achieve attitude drift rates below 0.03 degree per hour, and to

limit errors in the acceleration sensors to an almost negligible level. Ford Instrument

Company is performing several in-house projects to develop these sensors, i.e., a

miniature rate integral gyro and a miniature digital accelerometer. The concept of

pulse torquing, which is being employed for the digital accelerometer, could possibly

be applied to gyros in missile applications. This technique would further improve

the size and weight of the system by replacing the rate integral gyro with a pulse torqued rate

gyro, thereby eliminating the encoder and the hardware required to transform a rate gyro

into a rate integral gyro.

Subsequent developments in the basic sensors of acceleration and attitude

promise to improve the performance of body-mounted inertial package still further. It is

expected that these new developments (electrostatic gyros, etc. ) could be incorporated in a

¾,ody-mounted inertial sensor package with relative ease.
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Coae. An inertial system, bseCC on the concept of body-moinUated

seasors, transfers the ,unction of the relatively large and complex gimbal structure

(requiret for stable platform systems) to a digital computer. The computer converts

body frame sasuor data to Inertial frame data based on direction cosines, which are

"stored In the compuier and reg•darly u niated by it. In fact, as pointed out previously,

the outputs from this combin -ion (body-mounted sensors and attitude and coordinate

converyion computers) are equivalent to those which would be obtained from three Inte-

grating accelerometers mounted on a platform stabilized relative to inertial space.

"Consequently, if body-oriented inertial systems are to compete with stable piatform

systems, the attitude computation and coordinate conversion must be achieved by a

digital computer that la small and lightweight.

Ford Instrument Company recently performed an In-house effort to

eszablish the preliminary logical design of such a computer, and to determine its expected

-*Ize and weight based upon packaging techniques available to date.

.By the use of present techniques, it is possible to build an attitude and

"coordinate conversion computer (designated as FORDAC In) with size and weight as

shown in Figure 10. In 1 year, by using advanced techniques, It will be possible to further

reduce the size and weight of the FORDAC compurer to 135 cubic- inchPe and R pounds.
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IV - SYSTEM DESCRIPTION

A. Functional Operation

A fiunctional block diagram of a self-contained Pure Integral No-Gimbal

System is shown In Figure 11. Briefly, the system comprises seven passive sensors and

a digital computer. Six of the seven sensors are inertial measuring devices, three strap-

down rate integral gyros (see Appendix for description of operation) and three strap-down

accelerometers, all mounted in a sensor package. The rate integral gyros sense the

body axes components of the angular velocity and the accelerometers sense specific

acceleration of the vehicle. The seventh sensor is an altimeter that is employed primarily

for stablltzation purposes, The computer consists of an attitude computation section and a

position computation section.

In the attitude computation section, the nine direction cosines relating the

body-axes conducted system to the axes of an earth-centered, inertlally fixed, reference

frame are continuously determined. These cosines are used to coordinate convert the

accelerometer outputs by resolving them along the axes of the inertial frame. in the

poslton computation section, a conventional position computation is then performed to

determine the three Cartesian coordinates of position in the inertial frame. This information

Is then coordinate converted to provide latitude and longitude outputs, and to display this

Information in an appropriate manner.

For purposes of expediting the flight test program and achieving an earlier

demonstration of system feasibility, not all of the above described equipment was included

in the fllght test procedure. As previously indicated, only the sensors were flown and their

outputs recorded on magnetic tape. Thv required computation was then performed on a

ground-based, general-purpose computer programmed to accept inputs from the magneUc
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STRAP- DOWN

GYROS

STRAP-DOWN DIGITAL LATITUDE
ACCELEROMETERS COMPUTER A uLONGITUDE

ALTITUDE

ALTIMETER

on

FIGURE 1. SELF-CONTAINED PURE INTEGRAL NO-GIMBAL SYSTEM, BLOCK DIAGRAM
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ta s and to perform the required computation. In conjunctlon with the recording process,

an error corret 11%g technique was utilized to prevent recording errors due to tane dropouut

and./or extraneous noise from occurring on the critical gyro information channels. This

technique Involved the generation and recording of parity information derived from the

six gyro channels and the performance of a parity checking and error correction compu-

tation part of the computer program.

The computer used was an IBM 7090 equipped with a direct data connection,

The direct data connection periuts high-speed real-time data, which is n ' generated

synchronously with the computer dock, to be accepted and operated upon by the computer.

This flight test procedure significantly advanced the program schedule

since it did not require comple; on of the special-purpose computer, and eliminated any

"computer debugging and maintenance that might have been encountered if the computer were

"flown. In no way was the ability of the procedure to demonstrate system feasibility compro-

The equipment comprising the flight test system is shown in the k lock dia-

gram of Figure 12 (Figpre 13 is a- block ,diagrava of tape reading equipment necessary for

data processing.) In Figure 12, the sensor package is energized with 400-cps power from

both the aircraft supply and from :n iiivcrtron, The latter power Is preciseiy regulated in

voltage and frequency as required for the gyro spin motors and the drift compensatiori

circuitry.

The outputs of the sensor package are in the form of pulses generated ran-

domly in time. These outputs, as well as similar outputs from the altimeter, serve as the

inputs to the synchronizer and parity generator. This unit has the following three functions:

28
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(1) synchronization of all data pulses; (2) generation of eight parity bits in accordance

with a Couble error correction code for the attitude- dat (A,' -. ,and (3) gecratiOn Of a

single parity bit in accordance with a single error detection code for acceleration and

altitude data. The synchronizer and parity generator provides an output pulse at 350 ,4sec

intervals on every output data line for which an input pulse was supplied during that

interval, and also supplies pulses on the proper parity output lines for the given input

data. In addition, t timing pu se is supplied every 350 pc.Hence, a complete data

word and a timing reference bit is written on the tape at this rate.

The equipment required for processing the flight tape is shown in the

block diagram of Figure 13. When reading the tape, resynchronization of data is

required due to tape skew. The buffer unit resynchx oniZes Lhe tape reader outputs and

generates a direct data demand pulse that controls computer operation. In addition,

the impedance and amplitude levels of the tape reader are transformed to make them

compatible with the requirements of the direct data connection. The buffer unit also

generates a reset pulse, which clears the output translators of the reader, at the con-

clusion of each data word.

B. Inertial Sensor Unit

"The inertial sensor unit consists of two enclosures mounted to a single

shock and vibration isolator (see Figure 14). The larger enclosure, or sensor package,

hou:;es a cube-shaped frame that supports the inertial sensors, electronics, and other

auxiliary equipment. The inertial sensors (three rate integral gyros a'id three pendulous

niuegi aii ig gyroscopic acceierometers) arc mounted so that their input axes Iorm an

orthogonal triad. The temlperaturc of the air within the enclosure surrounding the inertial
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FIGURE 14. INERTIAL SENSOR UNIT
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•o•m�-�p Lt oa Cortrolleu to obustaiu maxiriiuuicfuxn i romt the gyros and accelerorneterR.

Bot 'these components are temperature sensitive, and their drifts are affected by temperature

variations.

The smaller endlosure serves as a control unit with various switches,

meters, and tl!st points located on the front surface. The control unit is pictured in

Figure 15. The upper row of switches is for turning on the various inertial sensor unit

components and subsystems. Immediately beWow are three similar subpanels, which

contain switches and potentiometers for performing drift tests and applying the drift

compensation computer constants to each of the three rate integral gyros. Below the

three subpanels are miscellaneous test points, auxiliary outlets, connectors, and gages.

C. Altimeter

The altitude sensor for the breadboard system is a Kolisman synchro

type 1827-01 barometric altimeter. The analog output of the unit is converted to digital

form by servoing a digital encoder to the electrical signal output. A mechanical differenqial

and counter enable meteorological and instrument error corrections to be mnade on the unit.

The altimeter is shown in Figure 16.

D. §nchronizer and Parity Generator

The synchronizer and parity generator first synchronizes all incoming

Idata, i.e., it accumulates the incoming data in a given interval and transmits the correct
I
Jinformation word at the conclusion of that interval. In addition, the unit determines the

Icorrect parity arrays for this data, and transinits parity information for each data word.

1 ' ,,cwordir, vae , (oi .... s-c) ul oIt enough to ensure that no two information pulses

will occur darirng the same word interval. Timing is derived from a precise crystal

ý2 33
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6
oscillator accurate to 1 part in 10 . Each synchronizing circuit is composed of two

stages of flip-flop storage to ensv_,re that no incomring W'rination is lost during resct

of the synchronizer at the concluhion of the word interval.

The entire unit is built on a chassis that may be mounted into the tape

recorder rack (see Figure 17). The drawer slides permit the unit to be extended out

of the rack and rotated to any convenient angle for ease of maintenance.

B. Tape Recorder

An extensive investigation conduczed during the development phase of

the program indicated that no airborne tape recorders of sufficient capacity (number

"of channels and length of tape) were available to meet the flight test requirements.

As a result, a laboratory type tape transport was selected since this type of unit had

been successfully operated in an aircraft. Special precautions were taken to ensure

that the machine would not be exposed to any extreme conditions that would exceed its

capability. Since there was no temperature problem in the aircraft, the major environ-

mental concern was that of vibration. A special shock and vibration mount was used to

limit the degree of vibration transmitted to the unit to suitable values.

The transport handled I inch wide by 14 inch diameter tape reels. A

special 24-channel read/write head was used to permit recordi ,; of all necessary data

and parity information. Recording was perfor: 3ed at v tape speed of 5 inches per second

that resulted in a total running time of 4.5 hours. Thib, in turn, resulted in a bit packing

density of 600 bits per inch (nonreturn to zero recording). Recording at this high density

caused the effects of tape skew to be rather pronounced; i.e. , it was possible for Infor-

mation bits that were recorded during a given clock cycle to be read out at a tine
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infoxmation from one word to the ncxt has a cornplttcly ncgligiblc Cfri., L upon hLil

result of the computation performed on this informatLion. Furihcrmoir, when this

effect occurs on bits corresponding to gyro or gyro piarity information the doublc

error correction process will effectively restore the "misplaced" bits to their original

position (if no more than two bits are involved, which, as experience proved, Nwas the

case).

A separate tape unit was used for reading the recorded information since

it was hot practical to transport the recorder back and forth between the flight, test site

and the computer facility. The transport used for data processing at ASD was similar

to the one used for recording except that it did not have a write, capability. The

24-channel read head for the second rrachine was precision manufactured to match

the skew pattern of the original write head, and was hand fitted to the second machine

using a test tape made from the recording rrachine. The resultant static skew obtained

from the combined operation of the two machines was quite small (less thai? 30 JAsec

at 15 inches per second).

F. iuffcr U..it

The buffer unit function is to transform the output translator voltage

levels (+12 volts for a "1" and -12 volts for a "0") from the tape recorder to the current

signals required by the direct data connectien, 0 milliamp for a "1" and -6 milliamps for

a "0." In addition, the buffer provides the timing pulses (direct data demand and reset)

required for proper transfer of information between the taixe reader and the computer.
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Incoming translator signals are clamped to levels generated from precise, series-

regulated bias voltages. The driver circuits tha't transform the informatton from

voltage to current levels have low impedance in the "0" state, thus tending to mini-

mize noise into the direct data connection. Tape noise or dropout on the timing

channel does not affect the direct data demand pulse because tape timing is used to

synchronize the free running buffer timing circuits. The direct data demand pulse

is designed to be within tolarable timing limits for as many as two'dropouts of input

timing pulses. Noise pulses are filtered out by the multivibrator.

All power supplies are regulated and filtered to eliminate cross

coupling and effect of outside power switching. Electronic circuits are either on

circuit cards or of the modu).e type. The entire unit is built on a chass-is that is

mounted into the tape reader rack in a similar manner to the synchronizer and parity

generator. The drawer slides permit the chassis to be extended out of the rack and

rotated to any convenient angle for ease of maintenance. The buffer unit, after

removal from the rape reader, is shown in Figure 18.

Best Available Copy
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a A. l.•muipnent D.eusign and !Procuremcnt

i The major equipment required fur tie flight test progi ami iis the inct ti._li
sunor package. This unit was previously fabricated and testeu o:n development conti act

AF 33(616)-6734. In addition, the altimeter and tile FK-124B tapxe recorder were also

fabricated or procured during that effort. As a r ecult, a miainium of additional cquipment

was rcquired to conduct the flight test program. Most of the new hardware developed under

the present progran was auxiliary equipment required to permiit proper interconnection of

the system with the tape recorder and IBM 7090 computer. In addition, equipment such as

power supplies, camera, and theodolites were required. The following paragraphs decribc

in detail the new equipment fabi icated or otherwise procured during the flight test program.

1. Design of Synchronizer and Parity Generator. Reference should be made to

Figure 12 (which is a block diagram of the flight test recording system), and to Figure 19

f (which includes a block diagram of a portion of the synchronizer and parity goner-tlr). The

sensor outputs that are fed into the synchronizer and parity generator- consist of voltage

pulses, each pulse rc;presenting an incremental quantity of measured information. The

Soutputs are referred to as eitll.r a "1" or "0" corresponditig to the presence or absence of

a pulse. The pulses are g,-enerated 'aoly in time; i.e., they occur nonsynchronouslv

and at random intervals with respect to a time reference. Parity checka are performed on

all sensor outputs, and parity bits are generated in accordance with a Hamming code. A

double error correction code is used on the gyro outputs, and a single error detection code

is used on the accelerometer outputs.
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In ordei- for piarity infourillatioll to be cor'O 1uted pI oik I ly, I1 it I . st

necessary to synchroniz-e the dat, hiS ,. i.. 6h .t.J.o iii a sylli'i l-Otizc whieic

all pulses, which occur on the sensor lines during a fixed time interval, are synchronized.

'1 Irs tine interval is sufficlcntly small to prevent more than one data pulse Iron occurring

during the interval (In this case 350 pscC). The parity generatorb OwCnL operate upon the

synchronized data and generate the proper parity bits.

Table 3 indicates the rules by which the gyro parity bits are generated.

Parity bit "A" perlorms an odd par Ity check on data in channels contuining + A0 1 , -A01,

"-A02, and -A03 as indicated by "X" in Table 3. Similarly, the table indicates tlie

gyro lRues that are checked by the remaining parity channels. "Performing all odd parity

check" means that thV parity bit is assigned a value of "I" or "0" depending upon whether

the number of "I"s on the corresponding data linesi is even or odd, respectively. For

example, if only data lines +Af 1 and -AO2 contain a pulse during a given interval, parity

channels, A, D, and tI would be set equal to 1, and channels B, C, E, F, and G would be

set to 0. The parity bits are recorded, along with the information bits, on tape. When

the dalta is 'ad" . ack, the informaton is rcsynchr-iized to elimiate the effect oi tape

skew, and the parity conditions are again chlcked. The sum of "'1"s on cacti parity chantiel

and it aj;socleted data l...r :::-"t odd or lait parity check fails. It is important to note

that any single or double error on any of the parity lines or data lines or combination thereof

provides a unique combination of parity checks that fail. Thus, for example, a Slnglc error

on data line -40 1 causes failures on parity checks A, C, E, F, and G. Similarly, a double

error on 4201 and -AO2 causes a failure on parity checks B, C, E, F, and G. In each case,

no other combination of single or double errors in witting or reading the recorded information

can result in the same combination of parity chtck failures. The cod, of T-dble 3 is constructed
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ill a manner so that this uniqueness of indication holds. During the system compmation,

the particular combination of parity check failure3 is examined, and the bits thereby

indicated to be in error ore inverted (a "1" is changed to a "0" and vice versa) to achieve

the desired correction.

An additional parity bit "I" performs an "odd parity check" on the 6

acceleration and on the 2 altitude bits. If the parity check on thes.- channels fails on

playback, It is known that a single or odd number of errors exist on the 9 channels.

Since these channels are not as critical as the gyro channels, a nominal amount of

errors is tolerable. However, it is important to know whether a catastrophic error,

such as complete dropout of a channel, has occurred. The single error detection

scheme is sufficient to indicate such an occurrence.

A schematic diagram Indicating the generation of the "A" parity bit

is shown in Figure 19. Gyro channels +,401 , A1 -A82, and -A0, feed into their

respective synchronizers S1 to S4. At some short time prior to time T,., (the instant

when writing occurs), the output of each synchronizer is set by a set pulse to its correct

"value for that word. The synchronizers are directly coupled to a chain of "exclusive - or"

gates (G1 - G4 ) in the "A" parity generator. This type of gate has a "1" output when one

and only one of its Inputs i, a "1. " Thus, it may be seen that the input to i.. vtr,,.-- II will

be at the "1" level if there is an odd number of "1" inputs to the pIrity generator. The

output of I will be "0" in this case. Conversely, the output of I will be "1" for the case

where there is an even numb.r of "I" inputs. Each variable energizes one input of its

output "and" gate, the other input of each gate being energized by a pulse that occurs at T .

Thee gates feed the tape recorder write inputs. Hence, at time "Tw," the correct

pirity and gyro information is available for transmission to the computer. A short
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time after "TW," the clock sends out a resut pulse that clears all the synchronizers.

SThe other parity bits arc generated in a similar mannel.

2. Buffer Unit. The flight test data, recorded oa 24-channel tape, was processed

on the IBM 7090 computer facility at ASD. This computer had been modified by the addition

of a direct data connection to enable it to accept inf( rmation from a high-speed, nonsynchronous

external source. In order to make the tape recorder output compatible with the direct data

ccn-ect!-ýn.- certain buffering nud logical circuitry were required. This circuitry was

incorporated into an additional unit called the buffh;r.

The buffer unit receives a 24-bit word from the tape reader every 117 psec

(nominally). Each bit of the word is in the form of either a "0" or a "1" as represented

by the voltage level of a flip-flop. These flip-flops mu t all be reset to 0 after the word

has been transferred to the IBM 7090 computer.

The direct data connectio, requires a direct data demand current pulse to

enable it to receive the word. This control signal is generated by the buffer, which in addition,

converts the voltage level outputs of the tape reader to current levels as required by the

computer.

Figure 20 shows typical operating wave f.rms and timing. An output of

the timing channel of the tape recorder occurs every 117 .sec as shown in. Fi-Ire 20A.

The timing of the leading edges of the outputs of all the other channels will vary from that

of the timirg channel due to machine skew. This is indicated by the dotted lines in the

diagram. The buffer unit generates a -6 milliamp direct data demand pulse as shown in

Figure 20C, which transfers the word into the direct data connection 58 psec later than

the largest possible skew variation. A short time after the direct data demand pulse
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14SKEW TOLERANCE (55p~sec.)

INPUT TO
BUFFER

(D) RESET+5
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DATA -6MA____________
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FIGURE 20. INPUT AND OUTPUT WAVEFORMS TO BUFFER UNJIT
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(3 jscc), a reset pulse is generated. This rumise re-e.e a!! the tnpe reader fiJp-fiopa

to 0 (Figure 2011). Figure 20D shows the form of the voltage level input to the buffer,

and Figure 20E shows the current level output of the buffer to the direct data connection.

Figure 21 shows a block diagram of the buffer unit. All of the information

channels (23 total) feed directly into clamping and level shift ciri uits and then into buffer

circuits. The buffer circuits transform a voltage signal to the current signal required

by the direct data connection. The 24th channel (the timing channel) feeds into the pulse

shaping circuitry (a clamp and a monostable flip-flop). The output of this circuitry

synchronizes the output of a free running multivibrator (M. V. i) to the actual frequency

of the tape information (the leading edge of the timing level). The multivibrator output Is

then delayed in a monostable (one shot) multl ibrator (0. S. 2). The output of 0. S. 2 is

reshaped in a blocking oscillator (B. 0.). and then applied to the clamping and buffering

circuits to form the direct data demand pulse required by the direct data con:vection. A

second output of the blocking oscillator is given an additional 3-psec delay. This

dehlaved output is amplified and ,hapcd in the reset amplifier, and is then used to reset

all of the tape reader flip-flops.

3. Miscellaneous Equipment. Some additional equipment was required to

perform the flight test of the No-Gimbal System. This equipment was obtained as GFE

where possible, and was purchased when it was not available from Government stores.

The equipment consisted of the following:.

a. Fairchild T-11 Camera

b. Ampex FR-124B Tape Reader

c. Leland MGE-37-2 Inverter

d. Wild T2 Theodolites
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Fairchild T-1I Camera. A Gover ment-furnished T-1 acral camiwera

was used to provide photographs of the ground for position fixing. The camera was

triggered automatically by a B-9 Intervelometer at 2 minute intervals to provide an

adequate number of photographs.

Ampex FR-124B Tape Reader. An FR-124B tape reader was purchased

from Ampex, and was used at ASD as playback equipment. The uiit consists essentially

of a transport unit with a 24-channel read head aud its related electronics.

Leland MGE-37-2 Inverter. The Ampex FR-124B Tape Reader, which

.a iAuuitilled in the aircraft, required 115-volt 60-cps power, Since the aircraft did not

contain thie type of power, it was necessary to provide an inverter. The Leland MGE-37-2

Inverter is capable of producing 115 -volt 60-cps *-5 percent, 1 kva for the 19-volt dc to

30-volt dc variation expected in the aircraft.

Wild T2 Theodolites. As indicated in a separate section of this report,

it was necessary to accurately align the trunion axis of the tilt-turntable in an east-west

orientatiou. T*u Wild T -2 Theodoittes were uscd to perform the alignment. These items

were supplied as GFE.

B. Laboratory Testin

Several tests necessary to insure satisfactory or-ration of various portions

of the system prior to flight testing were performed in the laboratory. These are described

below.

1. Tape Dropout Tests. One of the most critical aspects of the flight test

procedure in. olved the quality of che magnetic tape used for data recording. Magnetic

tape is prone to so-called dropout resulting from imperfections in tte oxide coating on
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the tl.jlw or fi o•o dust that causes the tape to be lifted v'way froa the write head duirlw

recording. Pretested tape was not available from any 'Aan.macture, i we reel size uscd

(14 -inch diameter), and, therefore, it was necesuar- '1 perform pretesting at Ford lustrument

Company. Test equipment was developed to derc,•t dropout and pickup resultilg from the

tape and frow tapte recorder operation. To dctuct tape dropout, each tape was recoi ded

at a 350 jisec rate with all "1" informativ.:. The tape was then played back into the teet

circuitry. Counters, which were eneri,-i:::rd by the test circuitry, would then indicate the

number of occurrences of single, double, triple, or additional dropoutis on tihe tape. The

same circuitry when used in complemerniK.ry fashion, detected pickup emianating from a

tape that was recorded with all "0" inlol.-ization. This testing program detected several

reels of tape that had major surface imperfections (causing multiple dropouts in a given

word); it also indicated that the tape recorder did not erase tapes completely, and that

certain tape recorder components were noisy. As a result of this, additional filtering

was added to reduce noise, and all tapes were degaussed before being used for flight

test recording.

2. Interconnection of Flight Test Equipment. All equipment to be used ii

flight ,esting (sensor package, synchronizer and parity generator, tape recorder) was

connected together in the laboratory. The sensor package was then energized. inputs were

applied to each sensor, and outputs were recorded. The output of each sensor

was then checked by reading the tape. During preliminary testing, it was found that

the outputs as read from the tape were inaccurate and did not correspond exactly to the

outputs of the sensor package. The discrepancy was due to noise. This was corrected

by rerouting the system grounding, and shielding the signal leads between the synch.'onizer

and parity generator and the tape recorder.
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3. Intcrconr~ection of Data Reduction Equiinent. Prior to the start of flight

testing, all eqt ipment to be used for flight test data reduction was connected together at

the ASD computer facility. This equipment included the tape reader, the buffer unit, and tie

IBM 7090 coriputer. Test tapes were especially constructed with various patterns of

bits, and programis were devised to print out the taped information on the IBM printer.

Initially, some difficulty was encountered due to radiated and cond d noise. Rerouting

of ground returns and addition of decoupling networks to the tape recorder output translators

overcame this difficulty.

C, Equipment Installation and Alignment

The primary considerations in installing the equipment in the aircraft and

at the airfield were as follows:

1. To provide a sheltered area so that drift compensation and package alignment

could be performed under favorable conaitions.

2. To install the tilt-t.rntable on a solid concrete base with the trunion axis

aligned east-west.

3. To provide an expeditious ti.ethod of removing the sensor package from the

tilt-turntable to the aircraft and back again without exceeding the rotational rates of the system.

4. To mount the sensor package so that it would be maintained relatively level

during flight in order to reduce gyro drift due to anisoelastic effects. Since the aircraft

floor was tilted opproximately 8 degrees from the horizontal during flight, it was decided

that a rigid mounting base for the sensor package would be provided, which would compensatc

for this tfit.
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5. To locate the equipment and Interconnecting cables so as to minimize

noise in the vicinity of the tape recorders and sensor package.

6. To provide adequate shockmounting, where required, to assure proper

operation of all airborne equipment.

The tilt-turntable was located in a hangar that was large enough to house

the aircraft, and in a position such that the sensor package could easily be transferred from

the table to the aircraft. The hangar flc, r (which was designed to support the weight of an

aircraft, and constructed of concrete nearly one foot thick) provided an adequate base

for the turntable.

Alignment of the tilt-turntable was required in order to perform drift

compensation and to initially align the sensor package. The table was aligned with its

trunuion axis east-west and with the table surface perpendicular to the local vertical.

East-west alignment was accomplished with the aid of two Wild T-2 theodolites and an

adjustablc face mirror mounted to the table. The adjustable lace mirror was positioned

so that its face was perpendicular to the truntdon axis of the table. Azimuth bench marks

were then transferred to the desired location of the tilt-turntable through the use of

theodolites. Autocollimation into the adjustable face mirror was then used to align the

trunnion axis. Levelness of the table top was achieved through the use of precision levels

and three adjustable jack screws at the base of the tilt-turntable.

Four stops on the tilt-turntable provide for the alignment of the sensor

package to north, south, east, or west orientations. These stops were set by aligning

the e.'nsor :tckage with a reference -••, -. p.rro prism. )I facin eas a•rd .. I..lu bi.u...g

the first stop. The sensor package was then removed and a theodolite accurately mounted
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over the c,. Ater of rotation of die table. A distant tarizet was then selected arid the

theodolite was set to 0 degree. The remaining stops were set by rotating the wble and

then lndexing the theodolite 90 degrees, 180 degrees, and 270 dejrees whIle sighting the

distant torget.

A fork-lift truck was used to transport the sensor package to and from

the tilt-turntable, During this operation, the sensor package shockmoua, v,,as ,,ncaged

so as to attenuate any rotatioral rates due to motions of the truck. In order to eliminate

high rotational rates when mounting the package in the aircraft mounting base, the following

procedure was used. A rod located on one end of the sensor unit was lowered into a cradle

on die thoe tiqg base thereby creating a pivot Joint. The other end was supported by a hand

hoist and slowly lowered on to the mounting base that is 8 degrees off the horizontal when

the aircraf; is grounded.

Electrical noise problems were eliminated by locating power units, such

as the invertron, remotely from the seusor unit and tape recorders. In addition, the

Cable: "'cre roueNd so as to rtunDize uooie, and shielded leads were used when nece sary.

Shockmounts were used on the sensor package, Invertron,. tape recorders,

and altimeter to provide vibration and shock isolation.

D. Flight Test Procedures

"1 . prefliht Procedures. Prior to each flight test, a preflight test procedure

was carried out. This consisted of drift compensation, accelerometer and gyro drift checks,

and tape recorder functional checks.

The warmup and checkout procedure was begun approximately 8 hours

before the scheduled take-off time. It consisted first of a 2-hour warmup period during

which the sensor package temperature contxol system was tUrned on, followed by a 1. 5 hour
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I period during which the gyros, accelerometers, and all electronics were energized.

The entire package was allowed to soak until it reached an equilibrium temperature of

115"F so as to eliminate the effect of temperature variation on the drift of tht. components.

At this point, gyro drift compensation, which required approximately 3 hours to complete,

was performed. A complete description of the procedure followed during drift compensation

is contained in ASD Technical Report 61-484. Upon completion of gyro 6rift

compensation, a check was made on the drift rate of each gyro. This consisted of

connecting the two output lines of each gyro (through the tape recorder) to a pair of

electronic counters, and timing the pulses. Knowledge of the orientation of the gyro with

respect to the earth rotation vector permitted the determination of the theoretical time,

which should elapse for a given number of pulses. Deviations from this computed value

were considered to be due to gyro drift.

The AB-4 gyroscopic integrating accelerometers are similar in

construction to the rate integral gyro, and are also subject to drift errors. Prior to

flight, the integrating accelerometers were also checked for excessive drift by a procedure

similar t, chat employed in checking the rate integral gyros. Two of the accelerometers

were checked in a zero-g field since they operated about this point during most of the flight.

The third accelerometer, which measured accelerations along the vertical axis of the

aircraft during flight, was checked in a I -g field. A preset counter and eput meter were

used for the latter test.

Deviations of the experiments' results from the calculated value of elapsed
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if drift rates of either gyros or accelerometers were excessive, steps

were taken to improve the drift. In the case of the gyros, drift was improved by repeating

portions of the drift compensation procedure, and in the case of accelerometers, by

adjusting the balancing screwe,

The tape recorder was given a functional test before the start of each

flight test. The purpose of the test was twofold. first, to make sure that all tape recorder

chap ns were functioning properly, and second, to record a pattern on the tape for use during

rheckout prior to the playback procedure at the computing facility at ASD. The test consisted

of recording pulses at a certain frequency on a&i 24 channels, and observing the voltage at

each write amplifier with an oscilloscope. When It was determined that the tape recorder

was operating satisfactorily, the breadboard used to record the pulves was disconnected

from the synchronizer and parity generator, and &i,! sensor package output cable was

connected In its place. The altimeter was also connected at this time.

The sens.or p=ckar- was rowated about each of the three axes to generate

sensor outputs that were observed with an oscilloscope. Similarly, the altimeter was

slewed and the outputs observed at the write amplifiers. The purpose of this procedure

was to check the continuity of each data line from the encoder to the write head. The

ry-chroaizer and parity generator was then put into the standby mode, the sensor package

aligned, and the altimeter set to read ground altitude.

After a sbort period in standby, the flight test was initiated by switching the

synchronizer and parity generator to "run." From this point on, all pulse outputs from the

system were rscorded. A fork-lift truck with special sling was used to in.ad tahe &vutor

package aboard the aircraft. (See Figures 22, 23, and 24.) The aircraft was then wheeled
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FIGURE 23. MOVING SENSOR PACKAGE FROM TILT-TURNTAB3LE
TO FLIGHT TEST AIRCRAFT
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out of '.he hangax, and the engines were started, The aircraft generator and batteries

were switched on the power line, and the ground power cart disconnected. Thus, the

transkr from ground to aircraft power was accomplished without interruption as required

by the system. The aircraft then taxied to the end of the runway fo, take-off.

2. Inflight Procedures. Immediately after take-eft of the aircraft, the T-11

aerial camera, which provided photogral'is of aircraft position, was put into operation.

Simultaneously with the ground photographs, a 35 mm camera took pictures of an

instrument panel that provided information of aircraft altitude, roll and pitch, as well as

time, frame number, and temperature.

These data were required for photointerpretation and subsequent

comparison of actual and computed positions at various points along the flight path.

Upon reaching flight altitude, the altimeter was corrected for barometric

conditions using ground data from the airport and outside air temperature. Except for

large changes in altitude or barometric conditions, •& •,ddltioaal altimeter changes were

needed.

A multichanuel brush recorder was used for continuous Inflight monitoring

of critical power supply voltages, such as the 28-volt d-c line, the 208-volt, 400-cps line,

etc. Durin'g flioht No. 8, maneuvers were performed to test system operation with high

input rotational rates, and several channels of the brush recorder were used fcr recording

the roll and pitch outputs from the aircraft's gyros.

3. Postflight Procedures. Upon landing, tie ground power cart was

connected to the aircraft thus enabling the pilot to turn off engincs withouZ disruption of

power to the system. The aircraft was then wheeled back into the hangar and the sensor
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I package unloaded and reinstalled on the table. The purpose of this procedure was to

c compare computed attitude with actual attitude at the end of the test. The system was

Sthen shut down. The flight test tape was then inspected for cwatastrophic type failures,

j and prepared for processing at the IBM 7090 facility at ASD.

E. Computer Programming and Data Processing

The incremental outputs of the body-mounted sensor package, recorded

on magnetic tape during each flight test, were later read into an IBM 7090 computer. The

computer then determined aircraft position as a function of time of flight. Therefore, this

large ground-based computer simulated the operation of an airborne navigation computer

in a No-Gimbal System. In addition, it performed certain parity checks on the data to

Iverify the accuracy of, and correct for certain errors in, the recording operation.

The IBM 7090 computer, at ASD in Dayton, Ohio, was used for the

processing of the flight test data. This computer was equipped with two data channels

I for data input fr7" 'V')r pheral equipment. To one of these data channels, a direct data

& connection was made, which enabled a direct connection from external equipment to the

Sdata buffer register in the data channel. By supplying the proper logical signals on the

Scontrol lines for the i--.tn channe!, it was then possible to feed 36-btt data words in

f parallel directly to this buffer register, and through it, to the main memory of the computer.

j It was this special high-speed data input capability that made possible the reading of the

u isely packed magnetic tape records of the flight test data.

These recordings of flight data took the form of 24-bit words written in

parallel on 1-inch wide magnetic tape. The information contained in each of these data

words is specified in Table 4. z zh word was read in parallel through the dirr-t data
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Table 4. Tape Recorder Formiat

Ta~pe Recorder Channel Information Bit

1+62

23 +4AV 2 -A2

4 A

TmixWg and Picture Sync

0 -AV 2 +AG2

10 1-e
11 +A~V. -AO3

12 B

13 -A'?3 +AO3

14 C

15 +AVI -WeI

16 D

18

is +Ah

20 1F
62
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Table 4. Tape Recorder Format (Continued)

Tape Recorder Channel Information Bit

21 -Ah

22 G

23 I

24 H

NOTE: As indicated, channels 3, 8, 11, 13, 15, and 17 contain bodt incremental velocity

and angular rotation information. This is due to the use of gyroscopic accelerometers

that sense rotation as well as acceleration. The two quantities are separated by subtracting

corresponding gyro and accelerometer outputs during the computation process.
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connection directly to the 36-bit data register Io the data channel. Since the data word

is ouly 24 bits long, 12-bit positions in the data register were not used.

In the early stages of writing the computer program for processing the

data, it became apparent that the computer would have considerable difficulty processing

data as rapidly as it was read from the tape. (Although the tape recorder has the ability

to play back at a slower speed than the one at which it was recorded, there exdsts a

minimum speed at which satisfactory reading can be achieved.) Morever, since the

flight data was recorded as an uninterrupted string of data words, it wan not possible

to stop the tape recorder periodically to permit the computation to "catch up." Consequently,

the program was separated into two phases. The first phase of the processing program

would simply read data words from the flight test tape, condense the data format (eliminating

the 12 unused bits), and record the data in the new format in 4800 word blocks on standard

1/2 inch magnetic tape. Sufficient time existed for performing this operation without stopping

the flight test tape. The standard format tapne-s would ti-en •-ervc as a-n input to te secona

phase of the program. Since they were written in 4800 word blocks, It was possible to

halt the tape after reading each block until the computer had finished processing the

previous block of data.

The second phase program would then do most of the processing of the

flight data. This program evolved into a very elaborate routine with several processing

options available to the operator. Only the essential features of the program are discussed

below.

The major portion of the second phase program utilized fixed point binary

arithmetic, and was written in machine language using the FAP assembly routin -. Certain

less critical routines (e. g., output routines) utilized floating point Fortran subroutines.
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I Due to the sensitivity of the system to errors in the incremental gyro outputs,

the recorded tape information included 8 parity bits that permitted double error correction

on the 6 gyro output bite. The parity check on the gyro bits was the first operation performed

by the second phase program. Since this operation had to be performed on each input word,

it was necessary to complete it as rapidly as possible so as to avoid using an exorbitant amount

of computer time. Consequently, table lookup techniques were used to speed up this portion

of the computation (at the cost of using additional memory). Next, the pro~ram updated

the value of the "B" matrix whenever a nonzero array of gyro bits was encountered. The

matrix of direction cosines was then used to transform the velocity pulse outputs from the

accelerometers (in the body frame) into velocity increments relative to the inertial Y~ame.

These increments were accumulated until the next time inertial position was updated by,

incremental integration of the differential equation for a pure inertial navigator. This

integration was performed every 10-word times. Finally, at fixed intervals, the latest '.

Cartesian coordinates of inertial position were converted to latitude and longitude, and

supplied as outputs from the program. A sample computer output is shown in Figure 25.

Other outputs from the second phase program included the altimeter reading, velocity in

the horizontal plane, parity failure information, the "B" matrix, and the product of "B" and

I transpose. all as functons of dhe time of flight in hours.

Processing of each flight tape was accomplished subsequent to each flight

and prior to the next flight. To insure that all of the tape reading and ABM interconnection

equipment were functioning properly before processing each flight test, a special test

routine was devised. A short section of the beginning of each flight tape was recorded with

every word containing all "ones." This section was run through the computer with a program

that printed, "on line," each succeeding word and the number of times it occurred. A
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maIunction In any c!-i.... would bi idi eated by the complete dropout, or a high

jsercentAge dropout in the bit associated with that channel; Immediate steps could be

taken to mnake necessary adjustments.

The advantages of recording sensor information during flight became

apparent when it became neceseary to reprocess certain tapes. On several occasions.

flight tapes were reprocessed with minor changes In the program eltltr (1) to provide

more detailed information on the mode of failure for bad flights, (2) to obtain satisfactory

test results despite a falluze in the altimeter, or (3) to detect errors in the computation

due to noise on tbo computer input lines.
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APPENDIX

OPERATION OF THE RATE INTEGRAL GYRO

The rate integral gyro is basically a single-degree-of-freedom gyro

with a supporting structure allowing precesslons about the gyro's output axis. The

operation of the rate integral gyro is described with the aid of the diagram shown In

Figure 26. If the bearings shown along axis A -A were truly frictionless, then any

rotation of the vehicle about axis A-A would result ii a relative motion between the

readout device attached to the gyro head and the instrument case, vhlch is rigidly

attached to the airframe.

Due to bearing friction about the axis of rotation A-A, however, a

torque is transmitted to the gyro element whenever rotation of the airframe about

this axis occurs. This friction torque, if uncompensated, would cause the gyro

element to precess about the flotation axis B-B. Such rotation would be intolerable.

This precession is prevented by the following sequence of events: the pickoff senses

the precession and supplies a signal to the torque motor, resulting in a countertorque

just sufficient to balance the friction torque about axis A-A. Precession about axis

B-B is thus prevented.

The behavior of this sensor in the presence of rates about other axes

can be described as follows. Angular inputs about flotation axis B-B result in the

motion of the outer cylinder relative to the inner cylinder (gyro element). This relative

motlct produces a signal from the pickoff. The pickoff signal energizes the torque

motor producing a torq..e , abeiu eXicA -A. This torque causes a piecession rate about

axis B-B just sufficient to allow tnh. inner cylinder to fcllow the outer one.
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Angular rates about the spin axis C-C effectively alter the angular

momentum of the gyro. The magnitude of torque required for maintaining the pickoff

at the null position therefore differs slightly from the torque required in the absence

of rates about the spin axis. Since the rate integral gyro does not operate on the

torque balance principle (as does the rate gyro), these torque variations do not appear

as errors in the output of the se.nuor.

A readout device (incremaental encoder) is coupled to the rate integral

gyro output shaft and serves to couvert the output to a form compatible with the digital

computer. The angular velocity of the digital code wheel represents the vehicle's

Angular rate about a xirticular body axis.

S..... ' ..... (' I I I I I I I i I I IA


